We describe a proposed all-dielectric laser-driven undulator for the generation of coherent short wavelengths and explore the required electron beam parameters for its operation. The key concept for this laser-driven undulator is its ability to provide phase synchronicity between the deflection force from the laser and the electron beam for a distance that is much greater than the laser wavelength. Due to the possibility of high peak electric fields from ultra-short pulse lasers on dielectric materials the proposed undulator is expected to produce phase-synchronous GV/m deflection fields on a relativistic electron bunch and therefore lead to a very compact free electron based radiation device.
I. INTRODUCTION
The proposed undulator device is motivated by the possibility of future dielectric based laser-driven particle accelerators that are expected to produce GeV/m acceleration gradients accompanied by a low-emittance, low energy spread, and high-repetition rate attosecond electron pulse structure [1] [2] [3] [4] [5] [6] . Extensive theoretical and experimental efforts for the development for ultra-low emittance [7] and optically bunched electron sources [8, 9] , and dielectric structure laser-driven particle accelerators are under way [10] [11] [12] [13] , and although these technologies are presently not mature, the possibility of a compatible undulator device that takes advantage of the ultra-short electron pulse structure appears worthwhile to explore.
The acceleration physics of these accelerators shares many parallels to that of RF accelerators, except for their material composition of a dielectric material and the fourorder of magnitude shorter driving electromagnetic field wavelength. Similar to RF accelerators the longitudinal electric field component of an electromagnetic wave provides the accelerating force that is phase-synchronous with the particle. Since the physics is the same the longitudinal bunching and low beam energy spread values possible with RF accelerators are expected to dielectric structure laser accelerators. Common energy spread values are An example of an RF accelerator with an exceptional beam quality is the future XFEL facility, whose superonducting L-band accelerator will produce a 30-50 GeV electron beam with a 2.5 MeV energy spread and a 25 μm bunch length [14] , corresponding to A common architecture of a dielectric structure laser driven particle accelerator is an optical microstructure device that includes an electron beam vacuum channel with a geometry designed to couple a laser beam into an accelerating force that is phasesynchronous with the relativistic electron bunch travelling in the vacuum channel. The dielectric substrate of the structure allows for application of high peak power nearinfrared laser beams [15, 16] and when operated with femtosecond pulses could support multi-GV/m peak electric fields that result in few-GeV/m acceleration gradients.
As stated earlier the geometrical dimensions and the near-infrared wavelengths employed for these accelerators are about four orders of magnitude smaller than the microwaves that power RF accelerators. Consequently the spatial and temporal dimensions of the electron bunch that is supported by these structures scale down by a similar factor to submicron transverse and few-attosecond longitudinal dimensions. Electron beams with transverse normalized emittance values on the order of 10 -9 m-rad will be required for efficient transport of a ~100 nm transverse diameter electron bunch through these structures which feature sub-micron wide vacuum apertures [17] . Naturally the miniaturization comes at a heavy expense in possible bunch charge. The loss factors from these structures are estimated to lie in the 100 GeV/m/pC range and thus only allow for maximum bunch charges in the few-fC range [18] . The specific beam energy, bunch charge and electron spot size parameters depend on the selected laser-accelerator and undulator geometry, which will be described in further detail in section V. Table I lists possible electron beam parameters produced by a dielectric structure laser particle accelerator that are to be injected into the proposed undulator. Table I : Electron beam parameters expected for structure based laserdriven particle accelerators
Although structure based laser-driven particle accelerators re expected to support the electron beam parameters of table I the development of a compatible source will be essential. Such a source does not exist yet, however significant research efforts are directed in this direction, and field emission based guns with emittance values of 10 -8 mrad have been demonstrated [7] . Also, tabletop laser-driven field emission sources that produce sub fsec electron bunches are under development [8, 9] . Not surprisingly the realization of these accelerators and their corresponding sources lies in the distant future, but nonetheless, if this technology is proven, a meter-long dielectric based laser particle accelerator could deliver an already optically bunched ~1 GeV energy electron beam into an undulator. If a tabletop system is sought a matching compact undulator will be highly desirable. To this end we propose a dielectric MEMs based undulator structure with electron beam transport requirements that match those of structure based laser-driven particle accelerators.
Besides the proposed scheme several different advanced free-electron radiation concepts for ultra short coherent wavelength generation are presently being investigated. For example, active undulators formed by very intense free-space waves inside optical resonators [19] or delivered by multi-tera-watt to petta-watt laser systems [20] have been proposed. Furthermore microwave cavity based active undulators are also being investigated [21, 22] . Finally plasma wakefield accelerators [23, 24, 25] and laser-driven optical bunchers [26, 27, 28] are being considered as high-peak current, ultra short pulse electron sources that feed into permanent magnet undulators. The main feature of the undulator proposed here is that this is an active all-dielectric micro-structure with an undulator period independent and ideally much longer relative to the driving laser wavelength, and whose design is targeted for operation with moderate average power, high-repetition rate compact lasers. Although such structures transport lower electron bunch charges the ability to employ small tabletop modelocked lasers capable of MHz repetition rates with a similar X-ray photon repetition rate.
We first describe the basics of the principle of phase-synchronous laser-driven particle deflection that forms the basic building block of the proposed undulator. This is followed by the description of a quartz-based undulator structure that can be manufactured with existing micro-fabrication technology. Next, the maximum deflection force that is possible for this dielectric undulator is calculated. Finally the electron beam requirements for possibility of undulator radiation and for FEL operation from one such short undulator section are discussed.
II THE PROPOSED PHASE-SYNCHRONICITY MECHANISM
The key property of the proposed dielectric undulator is that the deflection force delivered from the laser beam inside the structure is phase-synchronous with the electron beam. This allows the undulator period to be independent and for our purpose much longer than the wavelength of the driving laser. For a planar undulator with a period u λ that exerts a deflection force of amplitude that varies sinusoidaly with path length on a relativistic electron the undulator parameter
(1)
A free-space electromagnetic wave interacting linearly with a free relativistic particle produces an effective undulator period u λ that is comparable to the wavelength λ of the electromagnetic wave, that is, λ λũ . In contrast, the undulator is a near-field optical structure that allows for a condition where λ λ >> u and a corresponding enhancement of K from short electromagnetic wavelengths available from tabletop near-infrared lasers. In summary the operation principle of the proposed dielectric laser-driven undulator is similar in many respects to that of dielectric structure laser-driven particle accelerators. However in contrast to these the proposed undulator provides a phase-synchronous deflection force whose direction is reversed externally at regular intervals.
III. THE ARCHITECTURE OF PROPOSED UNDULATOR STRUCTURE To attain extended phase synchronicity between the laser electromagnetic wave and the relativistic electron bunch we explore the concept of introducing a periodic phase modulation equal to the wavelength of the electromagnetic field near the particle trajectory. Laser-driven particle accelerators that employ this principle have been proposed in the past [4, 5] . The same concept is applied here to find the conditions that lead to phase-synchronous particle deflection. A perspective view of a section of the proposed deflection structure is illustrated in Figure 1 . The grooves introduce a periodic phase modulation of the electromagnetic field in the vacuum channel that is responsible for the extended phase synchronicity condition with the electron beam. The period of the vacuum channel grooves, denoted by in Figure 1 , is chosen such that its projection on the electron beam propagation axis equals the laser wavelength p λ λ such that . The key element that enables this specific structure to provide a synchronous nonzero deflection force from the laser electromagnetic wave is the orientation of the periodic grooves of the vacuum channel. As shown in Figure 1 these lie at an angle α with respect to the electron beam trajectory.
To analyze the laser-electron interaction in this structure it is convenient to introduce two coordinate systems; one that is aligned to the structure grooves ( )
, and another that is aligned to the electron beam trajectory ( )
.. The laser beam is a plane wave with the phase front at normal incidence the structure, traveling in the -direction. A configuration of this type, where the periodic groove direction is oriented at an angle to the electron beam, satisfies the phase synchronicity condition for a non-zero deflection force acting on a speed-of-light particle [29] . This can be understood by considering the special case where the input laser field is monochromatic and is polarized along theaxis. The particle is assumed to have a uniform, time-independent velocity ŷ c v and the structure is approximated by having infinite extent in the z-direction. In the coordinate system of the structure the particle's velocity is
. The laser field that is incident on the structure can be represented by two independent field solutions representing transverse-electric (TE) or transverse-magnetic (TM) waves. Both solutions have only three inter-dependent field components. So for example, for a TM wave the nonzero field components are , , and that are aligned with the structure coordinate system
, that is, is parallel to the grooves. The Lorentz force from this TM wave acting on the relativistic particle is described by
The average deflection force experienced by the moving particle is therefore
Due to the periodicity of the structure the field components are also periodic [30] . As seen next, the α cos term, which describes the oblique orientation between the structure and the particle orbit, is key for allowing a phase-synchronous deflection. The average field gradients acting on the fee particles are defined as . The coefficients for which n=0 represent the 0 th transmission order through the structure which is a plane wave. The other orders create the field modulation that we are interested in. The amplitude of the Fourier coefficients depends on the structure geometry and on the index of the medium. Therefore materials with a large index of refraction will be preferable for this application. In the vacuum channel the time harmonic fields and can be shown to be related
Therefore the coefficients of and are related by
The particle position in the vacuum channel is ( )
. Therefore the time variable can be expressed as ( ) 
The term is a constant that represents the optical phase of the particle with respect to the field and can be taken out of the path integral. 
Equation 7 establishes that a continuous, phase-synchronous deflection force can be produced by a monochromatic TM polarized plane wave incident on a periodic structure.
Notice that when the tilt angle α between the particle trajectory and the structure is zero the phase-synchronous deflection force vanishes. This establishes the necessity for a nonzero tilt angle for the specific deflection structure proposed here. A similar condition that requires 0 ≠ α for a nonzero phase-synchronous deflection force also applies for the TE polarized laser wave.
The concept described here can be extended for oblique incidence plane waves and pulsefront tilted laser beams, which can be regarded as a linear superposition of monochromatic plane waves where the propagation direction of the particular plane wave is related to its wavelength [31] . For such laser beams it can be shown that in addition to the phase-synchronicity condition of equation 6 for the center wavelength a pulse-front tilt angle α ψ cos 1 tan = is required for phase synchronicity of all the other wavelengths that form the laser pulse. In essence the pulse front tilt condition guarantees synchronicity of the laser pulse envelope with the speed-of-light particles in the vacuum channel. Finally, it can also be shown that at phase-synchronicity the average deflection gradient can be evaluated from the fields within one structure period. A rigorous proof that includes these aspects is presented elsewhere [29] .
Cascaded sections of the proposed laser-deflection structure with grating periods may form an undulator if the sign of the deflection force from the laser is alternated between the individual sections, resulting in a undulator period each section would include several hundred grating periods and would be ideally powered by a separate laser beam whose optical phase and polarization are tuned to provide the desired sign of the force. In terms of the average deflection gradient ⊥ G the undulator strength K defined in equation 1 becomes
As shown in equation 
⊥ T depends on the structure geometry, the index of refraction of the dielectric substrate, and the input polarization of the laser. From a structure design point of view it is desirable to find a geometry that maximizes with a substrate material that displays a high laser damage threshold value. Notice that in addition to the deflection force the structure can also support a longitudinal force that also scales linearly with the input laser field but with a different transformer ratio
For a dedicated deflection structure it is desirable to cancel the longitudinal force component, such that , and linear superposition of separate laser input beams on the dielectric structure can provide such a condition [29] . However, as described in section V, due to the large loss factor in these narrow-aperture structures a laser-driven acceleration force that accompanies the deflection force and counters the deceleration due to wakefields in the structure will be highly desirable.
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IV. A DIELECTRIC BASED LASER-DRIVEN UNDULATOR STRUCTURE
A specific structure example that delivers a significant deflection gradient is discussed in this section. Crystalline dielectric materials that can be micro-machined are ideal substrates for the proposed undulator. Besides the ability for micro-fabrication the physical properties of the material in question determine its suitability. Key factors for a choice of a specific material include its chemical stability, melting point, thermal conductivity, and the index of refraction. Synthetic diamond for example possesses a very high thermal conductivity and high index of refraction but decomposes to graphite at relatively low temperatures and is difficult to manufacture. Sapphire or Yttrium oxide also posses large indices of refraction and have high melting points but feature lower thermal conductivities. Certain oxides become chemically unstable in vacuum and chemically reduce in the presence of UV radiation. Fluorides such as MgF or CaF 2 posses the highest melting point and can withstand intense UV radiation in vacuum but have relatively low indices of refraction. In sum, the determination of the best-suited dielectric medium for an accelerator or undulator structure is a multi-faceted problem and in its own right and is a subject of separate study that lies beyond this concept proposal article.
Although crystal quartz may not be the ultimate material of choice for this application its nanofabrication technology is well developed and hence it is potentially an ideal substrate for future experiments aimed to test the conceptual ideas explored here. Quartz has an index of refraction of 1.58 at 800 nm, a bandgap of 8.4 eV and as found with many other crystalline dielectric materials shows resistance to color center formation from highenergy photons and from neutrons [32] . Other high-bandgap materials like Y2O 3 ,YAG or SiC that have a higher indices of refraction but that are presently more difficult to micromachine
As an example consider a geometry as shown in Figure 2a 
Comparable but slightly lower acceleration and deflection gradients are found for the TM polarization. The maximum gradient of the structure is set by the laser damage fluence of the material and by the corresponding highest peak electric field present anywhere in the structure. Figure 2a shows a grayscale map of
, from a TE wave in one structure period at a particular instant, and Figure 2b shows the peak amplitude of the electric field at the surface of the pillar at the narrow region of the vacuum channel between the corner points labeled U and V. The peak electric field is located at the center region of the pillar surface and is about twice the input laser amplitude; The white arrow indicates the direction of the incident plane wave. b) the peak electric field amplitude at the structure surface at the narrow channel region between corner points U and V.
When expressed in terms of the local maximum surface field that is displayed in Figure  2b , the average gradient for the TE mode is max ,
. The maximum field max E is not to exceed the breakdown limit of the material, which depends on the laser wavelength and pulse format. The surface dielectric breakdown strength from ultra-short laser pulses with < τ 1 psec has been observed to break the 2 1 τ dependence seen with longer pulses and to remain near 1-2 J/cm 2 [15, 16] . Assuming that the center flat region of the grating groove shows a damage fluence of 1 J/cm 2 the maximum applicable peak A final important aspect of this structure is that in spite of the index step between the vacuum channel and the medium the only a small fraction of the electromagnetic wave is reflected by the boundaries and most of that energy escapes the vacuum gap. If viewed as a resonator the vacuum gap has a very low Q, and it is this feature that allows for operation with few-cycle laser pulses.
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Beam transport through the dielectric undulator
The narrow aperture of the dielectric undulator determines the maximum possible electron spot size that can be transported without significant beam loss through the structure. For simplicity a round beam is considered. As a simple guide the beam should be smaller than half the vacuum channel width shown in Figure 2a , which corresponds to a beam diameter of ~200 nm. Although periodic focusing for extended propagation of such beam diameters is possible the present discussion will only consider simple beam drift inside a short undulator section whose practical length is limited by the electron and the photon beam expansion inside the undulator vacuum channel. Practical dimensions for a monolithic dielectric MEMs structure such as the proposed undulator are on the order of a few cm in length. This sets a limit on the geometric emittance of the beam, whose should be comparable to the length of the undulator and be longer than 1 cm will be required for successful transport through the structure. In the remainder of this article a specific electron beam energy of 2 GeV ( ) will be assumed. With these parameters ~ 4 cm. Finally, the most severe limitation on the possible electron beam parameters comes from the loss factor from the very narrow-aperture structure. Appendix 1 presents an order-ofmagnitude estimate for the loss factor of the configuration described here, which arrives at a value of 100 GeV/pC-m and an allowable bunch charge of ~20 fC. As verified with GPT [33] and electron beam with this bunch charge and the assumed emittance and energy parameters is emittance and not space charge dominated. GPT predicts that a tenfold increase in bunch charge is required to reduce by a factor of two. 
The gain length describes the inverse of the amplitude exponential growth rate and in the one-dimensional steady state FEL model is given by
Since the electron bunch charge and the electron spot size have been established to be 20 fC and 200 nm respectively the bunch duration is the remaining free parameter to establish the particle density in equation 14. As described earlier structure loaded laser-driven particle accelerators support electron bunch lengths of ~1/10 σ belongs to the short bunch regime that is dominated by slippage, where the FEL temporal structure is expected to feature a smooth peak. Figure 4 illustrates the expected FEL pulse evolution from four different input electron bunches with the parameters of table I at three different locations in the undulator. The FEL field evolution in Figure 4 was modeled by numerical evaluation of the one-dimensional particle pendulum equations and the onedimensional field envelope growth equation. The initial state of the electron bunch was specified by assigning initial energy and longitudinal phase offset coordinates for each particle in a Gaussian distribution. As shown in Figure 4d saturation is expected to be reached within ~550 undulator periods, which corresponds to ~25 gain lengths. At saturation 10 6 photons are expected, corresponding to an FEL pulse energy of ~20 nJ and an effective FEL parameter of figure 3b . However, the effective FEL growth rate in figure 4d is lower than that expected from the one-dimensional steady state model and can be accounted for by the field slippage from the short electron bunch. Following semi-analytical models that include longitudinal pulse structure the effective gain length can be approximated by
, which is or 45 undulator periods with the assumed parameters and in agreement with slope of the FEL power growth curves shown in Figure 4d .
Finally, figures 4a-c support the prediction from analytical models for the formation of a single FEL pulse with the parameters specified in table I. Shorter undulators having 500 periods or less are expected to produce lower pulse energies with a wide shot-to-shot pulse energy jitter while undulators longer than the saturation length can be expected to produce a more uniform pulse intensity but with a larger timing jitter. In the absence of electron beam focusing the undulator length will be limited to the transverse growth of the electron beam. With the vacuum channel width of twice the focused bunch diameter clipping of the electron beam from the undulator walls starts to occur with an undulator length of L ~ 4 , or 530 undulator periods. Therefore in the absence of focusing an undulator length of ~400 periods or shorter is realistically possible with the electron beam parameters of Due to the maximum possible fC-scale bunch charge the photon flux from the proposed undulator is of ~10 5 photons per FEL pulse, four orders of magnitude below that of largescale X-ray FEL facilities. However the moderate-power solid-state lasers that are to power the proposed structure based accelerator and undulator are compatible with MHz repetition rates and therefore allow for an integrated X-ray photon flux comparable to that of laser-scale facilities.
To summarize, the electron beam transport and FEL radiation conditions impose a narrow operating range of parameters both on the electron beam and on FEL radiation wavelengths possible with the proposed undulator. Beam transport considerations and the one-dimensional FEL conditions place an acceptable FEL radiation wavelength range of m and in the absence of beam focusing limit the acceptable undulator length to a few cm. Except for the very short electron bunch duration, all other beam parameters in table I were selected by employing the one-dimensional FEL model as a design guide, and the expected deviations from this model can be accounted for by the field slippage from the short electron bunch. 10 10 -11 -12 < < r λ Finally, due to the high photon energy possible quantum effects on the SASE-FEL mechanism have to be verified. Despite the high photon energy the 2 GeV kinetic energy of the electrons is much higher. A criterion for the possibility of FEL operation in the quantum-mechanical regime is the magnitude of the quantum FEL parameter, defined by the ratio of the final momentum spread of the electron beam at saturation and the photon momentum recoil [36, 37] . , and in light of this classical FEL approach taken here seems an accurate description of the FEL process.
VI. OUTLOOK The proposed undulator was described for operation with electron beam parameters expected from future structure-based laser-driven particle accelerators. Since their experimental development is in its infancy these are very unlikely to become a reality in the near future. On the other hand other more mature high-gradient accelerator technologies may function as near-term electron test sources for the proposed undulator. One such technology is laser-driven plasma wakefield acceleration, which has accomplished dramatic improvements in its beam energy spread and emittance parameters to levels that now rival conventional RF accelerators [38] . Not surprisingly there are experimental efforts to apply this particle accelerator technology as an electron source for permanent-magnet undulators [23] [24] [25] . These accelerators have been shown to produce bunches of >100 pC charge at 1 GeV energy having a femtosecond time structure within a centimeter distance [39] . These bunch charges are large enough to consider emittance and energy filtering to produce GeV electron bunches of few fC with parameters comparable to those of table II that could be injected into a dielectric centimeter-long undulator to produce femtosecond X-rays, which could result in a unique plasma-dielectric structure hybrid that could interesting in itself to explore further. The feasibility of the proposed undulator will depend on the progress of these different accelerator technologies.
Although one particular scenario of interest to the authors was described in some depth the ultimate design parameters for the proposed undulator will depend on their degree of success and on their limitations that are yet to be fully established. Nonetheless the prospect of generating coherent photon pulses with ~100 keV photon energy from a microstructure based device powered by a high repetition rate modelocked laser system presents an interesting class of a possible free-electron based radiation device. Possible improvements to the presented system include concepts that are already under consideration for other FEL systems, such as recycling of the laser beam that powers the accelerator structure [40] , resonating of the X-ray photons [41] or recycling of the electron beam such as proposed for future X-ray FELs driven by superconducting accelerators [42] . Further possible improvements include the implementation of other substrate materials for the dielectric undulator and examination of shape factors other than a binary step function that was assumed in this article for vacuum channel.
VII. CONCLUSIONS This article explores a possible tabletop FEL system that is entirely based on microstructure optical components. The main aspects that by which this concept different from other existing or proposed FEL systems are the envisioned implementation of highrepetition rate moderate power lasers and the use of dielectric microstructures that shape the electromagnetic fields for the manipulation of the free electrons, both for particle acceleration and for deflection in an all-dielectric undulator.
The large deflection gradients from the proposed laser-driven undulator and the possibility of attoseconds duration electron bunches due to the driving wavelength could lead to a few-cm long undulator and for the possibility of generation of few-attosecond, X-rays with photon energies in the hundred keV range from a meter-scale device. Although of lower pulse energy, the MHz repetition rate will allow for a continuous pulse-train operation and circumvent the need for macro-pulse operation and lowrepetition rate power-cycling. Therefore noise sources from acoustic and heat transients introduced by power cycling could be entirely circumvented with the proposed system, and as is possible with solid-state lasers further stabilization from active feedback systems with multi-kHz bandwidth becomes a natural possibility. In sum, the proposed FEL system is expected to possess and inherently better stability due to the possibility of quasi-cw operation.
Structure-based laser-driven particle acceleration technology is in its infancy, and due to its miniature scale it faces a multitude of yet-to-be addressed challenges and a correspondingly long research and development effort. Consequently its realization into a mature and feasible technology is not expected to lie in the near future. Nevertheless the prospect of a meter-scale coherent X-ray source derived from this technology for applications that require a stable, high-repetition rate photon beam is a possibility that may be well-worth to explore.
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4a, has been analyzed by [43] where it was determined that for this radiation mechanism to be effective the ratio between the height of the electron beam above the grating and the grating period 
Here the distance of the electron beam the grating surface is and .
Therefore the forward SP radiation into the vacuum channel is exponentially suppressed since . On the other hand the SP radiation into the dielectric medium, labeled as in Figure 5a , can be expected to be very large since the structure is designed to efficiently couple a laser beam from the dielectric medium to the electron beam in the vacuum channel. To obtain an order-of-magnitude estimate it will be assumed that the laser-electron interaction is the dominant radiation mechanism into the dielectric medium, and further, it will be assumed that the electron bream is a sheet beam of infinite extent having the electron density that corresponds to the assumed electron bunch charge in a beam diameter D. This two-dimensional model is an overestimate of the coupling but allows for a simple analytical analysis based on energy balance considerations similar in spirit to those carried out for wakefield evaluation in resonant cavity structures [44, 45] . Here the energy balance is applied to a section of the structure that covers a length L and a height D. For the simple two-dimensional geometry the energy change on the electron beam over that drift distance L is equal to the net electromagnetic energy that flowed into that volume of the structure. Where is the loss factor. For , m and m the loss factor from radiating into one dielectric side at the TE polarization is GeV/m-pC. However, since the electrons can radiate into the two dielectric sides and can also radiate with about the same coupling strength into the other TM mode, the total loss factor is four times as large, namely GeV/m-pC. Other dielectric accelerator structures that also transport sub-micron diameter electron bunches have been estimated to have similar loss factor values [18, 38] . Figure 5b shows a plot of the decelerating gradient versus bunch charge. Requiring a beam loading condition where establishes a maximum bunch charge at which the deceleration of the bunch is canceled by the laser accelerating force. In section II it was stated that the expected maximum unloaded acceleration gradient for the structure is ~ 4GeV/m and hence the maximum allowable bunch charge for which the net loaded gradient is zero is ~ 40 fC. Optimum beam loading occurs at half this charge. Therefore to study the conditions for FEL radiation from the dielectric undulator a bunch charge of = 20 fC is assumed. 
